A family of neuronal calcium-binding proteins (CaBP 4 1-5 (1, 2)), similar in sequence to calmodulin, represents a new sub-branch of the EF-hand superfamily (3) (4) (5) . CaBPs are vertebrate-specific proteins expressed predominantly in the brain and retina. Multiple splice variants and various isoforms of CaBPs have been identified and localized in different neuronal cell types (6 -9) . The abundance and multiplicity of CaBPs in the central nervous system suggest a role in signal transduction. Indeed, it was recently discovered that CaBP1, also termed caldendrin (10) , modulates the Ca 2ϩ -sensitive activity of inositol 1,4,5-trisphosphate receptors (InsP 3 Rs) that serve as Ca 2ϩ release channels on the endoplasmic reticulum membrane (11, 12) . CaBP1 also interacts with P/Q-type voltage-gated Ca 2ϩ channels (13) , L-type channels (14, 15) , and the transient receptor potential channel, TRPC5 (16) . CaBP4 has been shown to regulate Ca 2ϩ -dependent voltage gating of L-type Ca 2ϩ channels in the retina (17) . Thus, the CaBP proteins are emerging as a family of calcium sensors that modulate the activity of multiple neuronal Ca 2ϩ channels.
CaBP proteins each contain four EF-hands, similar in sequence to those found in calmodulin and troponin C (3, 4) (Fig. 1) . By analogy to the structure of calmodulin (18) , the four EF-hands of CaBP proteins are believed to form an N-terminal domain composed of EF-1 and EF-2 and a C-terminal domain composed of EF-3 and EF-4. The two domains are connected by a central linker that is four residues longer in CaBPs than in calmodulin. The extra residues in the linker may extend a "central helix" by one turn, generating an elongated structure similar to calmodulin. Alternatively, the extra residues might form a U-shaped linker that promotes interdomain association similar to that found in recoverin (5, 19, 20) and other members of the neuronal calcium sensor protein family (21) (22) (23) (24) (25) (26) . In contrast to calmodulin, the CaBPs contain a variable stretch of nonconserved amino acids within the N-terminal region. The variable N-terminal residues of CaBPs are generated in part by splice variants of CaBP1 and CaBP2 (see the italicized residues in Fig. 1 ). The N-terminal sequence variability is likely to confer target specificity. Another distinguishing property of the CaBPs is that the second EFhand lacks critical residues required for high affinity Ca 2ϩ binding. A conserved glycine at the 5-position of the loop in EF-2 (e.g. Gly-75 in CaBP1) cannot chelate Ca 2ϩ and therefore would be expected to disable physiological Ca 2ϩ binding to EF-2. By contrast, EF-2 of calmodulin contains asparagine at the 5-position, which promotes high affinity Ca 2ϩ binding at this site (18, 27) .
In CaBP1 and CaBP5, the first EF-hand (EF-1) contains aspartate (e.g. Asp-46 in CaBP1) instead of the usual glutamate at the 12-position of the EF-hand binding loop (Fig. 1) 
EXPERIMENTAL PROCEDURES
Expression and Purification of Human CaBP1-All experiments in this study were performed on a small splice variant of human CaBP1, previously termed s-CaBP1 (1) and referred to in this study as CaBP1. Escherichia coli strain BL21 (DE3), transformed with plasmid pET15b-CaBP1, was grown in LB broth (containing 100 g/ml ampicillin) at 37°C until the A 600nm reached ϳ1.0 and then was diluted 1:50 in LB and grown again at 37°C. At A 600nm ϭ 0.5, CaBP1 expression was induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. After a 3-h induction period, the cells were harvested by centrifugation. The cell pellet was then suspended in Lysis Buffer containing 20 mM Tris, 0.1 M KCl, 1 mM EGTA, 1 mM dithiothreitol, and 10% glycerol, pH 7.5, and flashfrozen using liquid nitrogen. Frozen aliquots were stored at Ϫ70°C. Thawed cells with 0.1 mM phenylmethylsulfonyl fluoride were disrupted via sonication using a Branson Sonifier 450 at 50% duty cycle, output 4 -5 on ice, for 2 min with two repetitions and a 2-min cooling period in between. CaBP1 was recovered by ultracentrifugation at 35,000 rpm for 1 h at 4°C. The supernatant, supplemented with 4 mM CaCl 2 and 0.2 M KCl, was passed through a phenyl-Sepharose column (Amersham Biosciences), washed for 6 column volumes, and eluted with a 200-min gradient elution in a low salt buffer containing 50 mM KCl and 2 mM EGTA. Fractions containing protein were visualized by Coomassie-stained SDS-polyacrylamide gels. Selected fractions were then pooled, diluted 1:3 with an equilibration buffer (20 mM Tris, 2 mM EGTA, 1 mM dithiothreitol, pH 7.5), and further purified using a Q HP-Sepharose column (Amersham Biosciences) at room temperature using a 200-min gradient elution. Fractions containing pure CaBP1 as visualized by Coomassie-stained SDS-polyacrylamide gels were pooled and concentrated using Amicon Ultra 15 centrifugal filters (Millipore) with a 10-kDa molecular mass cut-off. The overall yield was ϳ16 mg of protein from 1 liter of cell culture. The protein concentration was determined by measuring the A 280nm and a molar absorption coefficient of
Preparation of ApoCaBP1 and Mg 2ϩ -bound CaBP1 for Ca 2ϩ Binding Studies-ApoCaBP1 was prepared by adding 5 mM EGTA to purified material in a pre-rinsed Amicon filter. The CaBP1 was then concentrated to 1 ml and washed with 15 ml of Ca 2ϩ -free, Mg 2ϩ -free buffer. The washes were repeated five times until remaining EGTA was negligible (Ͻ1 nM). Mg 2ϩ -bound CaBP1 was prepared similarly but was washed with a buffer containing Mg 2ϩ . All glassware and tubes that contacted apo-or Mg 2ϩ -bound CaBP1 were first washed with 0.1 M HCl, followed by multiple rinses with decalcified buffer.
Binding of 45 Ca 2ϩ - 45 Ca 2ϩ radioactive isotope (calcium-45, calcium chloride in aqueous solution, specific activity ϭ 850 mCi/ml; Amersham Biosciences) was used to quantitate the binding of Ca 2ϩ to CaBP1. 45 Ca 2ϩ binding to CaBP1 was measured as the protein-bound radioactivity retained after ultrafiltration using a procedure described previously (34) based on the original method of Paulus (35) . The buffer used in the Ca 2ϩ titration (20 mM Tris-HCl, 0.1 M KCl, 1 mM dithiothreitol, pH 7.5) and protein samples were decalcified by treatment with Chelex resin (Bio-Rad). A Centricon-10 concentrator (10-kDa cut-off, 2-ml sample compartment; Millipore Corp.) used in the titration was pretreated to remove contaminating Ca 2ϩ . The lower chamber was rinsed with 0.1 M HCl, followed by several rinses with decalcified buffer. The concentrator membrane was decalcified by rinsing with 5% NaHCO 3 followed by several rinses with decalcified buffer. A decalcified protein sample (1.5 ml, 80 M) was placed into the sample compartment, and 12 l of 0.25 mM 45 Ca 2ϩ solution (2.6 Ci) was added. The sample was carefully mixed and centrifuged (2300 rpm, 2 min) by using a tabletop centrifuge (Beckman model TJ-6), forming 25 l of filtrate. The filtrate was returned to the sample chamber, mixed, and centrifuged a second time to minimize any dead volume. The radioactivity of 10 l of the filtrate (proportional to the free Ca 2ϩ concentration) and radioactivity of an equal volume of the protein sample (proportional to total Ca 2ϩ concentration) were separately measured by liquid scintillation counting (Liquid Scintillation Analyzer, Packard Instrument Co.). Aliquots of nonradioactive Ca 2ϩ were added serially to the protein sample to adjust the total Ca 2ϩ concentration throughout the titration (2, 15, 29, 56, 83, 112, 140, 197, 255, 313, 458 , and 605 M). The corresponding radioactivities of filtrate and protein sample were measured for each point in the titration. The free and bound Ca 2ϩ concentrations at each point in the titration were calculated from the measured radioactivity as described previously (36) , and fractional saturation was plotted as a function of free Ca 2ϩ concentration (Fig. 2) . Differential Scanning Calorimetry-DSC experiments were performed using a MicroCal VP-DSC microcalorimeter as described previously (37) . Samples of apoCaBP1 were prepared as for the Ca 2ϩ binding studies. Aliquots of the apoCaBP1 were dialyzed overnight in buffer supplemented with 5 mM EGTA (apo-), 5 mM MgCl 2 (Mg 2ϩ -bound), or 5 mM CaCl 2 (Ca 2ϩ -bound) using Pierce Slide-a-lyzer minidialysis units, 3.5-kDa molecular mass cut-off. The buffer consisted of 20 mM Tris, pH 7.5, 100 mM NaCl, and 1 mM DTT. Samples of 126 M CaBP1 were heated in a MicroCal VP-DSC calorimeter in a 10 -120°C range at a scan rate of 60°C/h, then cooled, and rescanned to check for thermal transition reversibility. Samples were also scanned at slower scan rates in order to examine resolution of any peak shoulders. A buffer scan was subtracted from each data set to correct for base-line error. Data analysis was performed using the EXAM program (37) .
Isothermal Titration Calorimetry-ITC experiments were performed using a MicroCal VP-ITC microcalorimeter as described previously (29) . Samples of apoCaBP1 were prepared as described for the Ca 2ϩ binding studies, and apoCaBP1 was dialyzed against decalcified buffer overnight. A sample of the dialysis buffer was placed in the reference cell, and samples of apo-or Mg 2ϩ -bound CaBP1 were placed in the sample cell. Experiments were performed at 25°C and with protein concentrations between 120 and 180 M. 40 injections of 15 mM MgCl 2 or 5 mM CaCl 2 , prepared using decalcified buffer, were made in 5-l aliquots. An injection delay of 240 s was utilized to allow for the base line to return after each injection. A titration into dialysis buffer was subtracted from the data to correct for heat of dilution. For each addition of ligand, the molar heat (Q t ) was measured as a function of total ligand concentration (X t ) as shown in Equation 1,
where n is the number of sites; M t is the total protein monomer concentration; K a is the metal-binding association constant (1/K d ), and V is the cell volume. The differential heat (dQ t ) was fit to various kinetic models (sequential and independent sites) by using a nonlinear least squares minimization method (38, 39) performed using MicroCal Origin ITC software. Thermodynamic parameters in the analysis were defined as shown in Equation 2,
where n is the number of moles; T is the absolute temperature, and R is 8.3151 J mol Ϫ1 K Ϫ1 .
Gel Filtration Size Exclusion Chromatography-Size exclusion chromatography experiments were performed on CaBP1 in buffer containing 20 mM Tris, pH 7.5, 0.1 M KCl, 1 mM DTT with the addition of either 2 mM EGTA (apo-), 2 mM EGTA ϩ 1 mM MgCl 2 (Mg 2ϩ -bound), or 2 mM CaCl 2 (Ca 2ϩ -bound). 250 l of each sample/standard was freshly prepared, injected, and eluted on a Superdex 200 column (Amersham Biosciences) via the AKTA Prime (Amersham Biosciences) at a flow rate of 0.4 ml/min at room temperature. To run successfully at such a low flow rate, all air bubbles were purged before each run according to the manufacturer's instructions. The protein standards used in the analysis were ␤-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). The elution volume (V e ) of each protein was monitored separately at 280 nm. Dextran blue was injected and used to determine the column void volume (V o ). The molecular mass of CaBP1 was extrapolated from a standard curve of V e /V o versus molecular mass on a semilog scale. Experiments were repeated twice to ensure consistency and accuracy.
Static Light Scattering-Static light scattering experiments were performed using a Zetasizer Nano S (Malvern Instruments). CaBP1 samples were filtered with a 0.02-m Anotop 10 filter (Whatman). Measurements were performed at 25°C in a buffer containing 20 mM Tris, pH 7.5, 100 mM KCl, and 1 mM tris(2-carboxyethyl)phosphine supplemented with either 2 mM EGTA (apo-), 5 mM MgCl 2 (Mg 2ϩ -bound), or 2 mM CaCl 2 (Ca 2ϩ -bound). SLS measurements were made using serial dilutions of CaBP1 (3 to 0.75 mg/ml). The average molecular mass of CaBP1 in solution was determined from analysis of a Debye plot of the light scattering as described previously (40) . Toluene served as a standard reference, and a differential refractive index (dn/dc) of 0.185 ml/g was used in the analysis. Data were analyzed using the Zetasizer Nano software provided with the instrument.
Dynamic Light Scattering-DLS experiments were performed on filtered samples of CaBP1 (described above) at 25°C using a Zetasizer Nano S instrument (Malvern Instruments). Multiple experimental runs were performed to ensure accuracy. Time-correlated fluctuations in light scattering caused by Brownian motion of CaBP1 were analyzed by an autocorrelator inside the DLS instrument and modeled by the firstorder autocorrelation function as described previously (40) . The translational diffusion coefficient (D t ) of CaBP1 derived from this analysis was then used to calculate the hydrodynamic radius (R H ) using the Stokes-Einstein equation, D t ϭ k B T/6R H , where k B is Boltzmann constant; T is temperature in Kelvin; is solvent viscosity, and R H is the hydrodynamic radius of CaBP1.
NMR Spectroscopy-Samples for NMR analysis were prepared by dissolving 15 N-labeled CaBP1 (0.5 mM) in 0. 2 )). Partial sequence-specific resonance assignments were obtained as described previously (41) . 45 Ca 2ϩ Binding Measurements-CaBP1 contains four EF-hand Ca 2ϩ -binding motifs (Fig. 1) . The second EF-hand (EF-2) contains Gly-75 at the 5-position of the EF-hand loop that should preclude Ca 2ϩ binding. The remaining EF-hands in CaBP1 (EF-1, EF-3, and EF-4) match the consensus and were expected to bind Ca 2ϩ . To quantitate the number of ions that bind to CaBP1 at saturation, direct measurements of 45 Ca 2ϩ binding were performed on samples of recombinant CaBP1 purified from E. coli (Fig. 2) . At least two Ca 2ϩ bind to the protein with relatively high affinity at physiological Ca 2ϩ concentrations (0.1-20 M), and a third Ca 2ϩ appears to bind with much lower affinity at Ca 2ϩ concentrations beyond 100 M. The binding of three Ca 2ϩ to CaBP1 at saturation (Fig. 2) is consistent with the view that EF-2 is disabled, whereas EF-1, EF-3, and EF-4 are functional. However, the relatively high uncertainty of the 45 Ca 2ϩ binding data at higher Ca 2ϩ concentrations in the titration (Ͼ100 M), due to nonspecific binding of Ca 2ϩ and other experimental artifacts, precluded a quantitative description of the low affinity site in the analysis below.
RESULTS
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where [Ca 2ϩ ] is the free Ca 2ϩ concentration; K d is the apparent dissociation constant, and a denotes the Hill coefficient. The fractional saturation data for CaBP1 (Fig. 2) , at physiological Ca 2ϩ concentrations (0.1-30 M), is best fit by the Hill equation using the parameters K d ϭ 2.5 M and a ϭ 1.3 (see dotted line in Fig. 2) . A Hill coefficient greater than 1 in this case suggests that two Ca 2ϩ bind to the protein in the physiological range with positive cooperativity, suggesting that the two physiological sites are likely EF-3 and EF-4, as they interact structurally with one another in the C-terminal domain of CaBP1. This implies that the low affinity site is EF-1, consistent with the NMR analysis below. (Fig. 3B ), in contrast to at least two sites in the absence of Mg 2ϩ (Fig. 3A) . In summary, the ITC analysis indicates that a total of three Ca 2ϩ bind to the protein in the absence of Mg 2ϩ (Fig. 3A) and only two Ca 2ϩ bind to CaBP1 in the presence of a physiological level of Mg 2ϩ (Fig. 3B) . The ITC results are consistent with constitutive Mg 2ϩ binding at EF-1 under physiological conditions as suggested above by the 45 Ca 2ϩ binding data ( Fig. 2 ) and NMR analysis (below).
The effect of Mg 2ϩ on the Ca 2ϩ binding isotherm (Fig. 3 ) prompted us to quantitate the Mg 2ϩ binding properties of CaBP1 using ITC. Titration of MgCl 2 into apoCaBP1 resulted in a simple monophasic isotherm (Fig. 4) . Analysis of the Mg 2ϩ binding isotherm using a "1-site" model (Microcal Origin software) revealed that at least one Mg 2ϩ binds enthalpically to CaBP1 with modest affinity (dissociation constant of 300 M and ⌬H ϭ Ϫ3.7 kcal/mol). Intrinsic Mg 2ϩ binding to most proteins is usually entropically driven (30 Fig. 5A . The peak maximum of apoCaBP1 (transition temperature, T m ϭ 53°C) is almost 20°C lower than the peak maxima of both Mg 2ϩ -bound (T m ϭ 74°C) and Ca 2ϩ -bound (T m ϭ 76°C) CaBP1, indicating that both Mg 2ϩ and Ca 2ϩ increase the folding stability to nearly the same extent. The transition peaks did not fully reappear upon re-scanning each of the samples, suggesting irreversible unfolding due to aggregation and/or denaturation. However, the post-transitional base line and T m in each case were independent of protein concentration and scan rate, consistent with a two-state model of unfolding. The DSC thermogram of apoCaBP1 is broad with at least two transitions and could not be fit by a two-state model. By contrast, the DSC thermograms for both Mg 2ϩ -bound and Ca 2ϩ -bound forms of CaBP1 each exhibit a sharp transition peak, suggesting that unfolding takes place in one cooperative step. A sharp one-step folding transition suggests that the two predicted domains of CaBP1 may be structurally associated with each other, in contrast to the independently folded domains of calmodulin (44 -46) . The DSC thermograms for Mg 2ϩ -bound and Ca 2ϩ -bound CaBP1 were optimally fit by the two-state model, B 3 2A, where B and A represent the folded and unfolded states, respectively (Fig. 5, B  and C -bound CaBP1 indicated a tendency toward aggregation. The SEC elution volumes, calibrated against spherical protein standards, corresponded to molecular masses of 32, 28, and 27 kDa for apo-, Mg 2ϩ -bound, and Ca 2ϩ -bound CaBP1, respectively. Similar protein masses were also derived from glycerol gradient diffusion experiments (data not shown). The disparity in protein masses derived from SEC and SLS studies might be explained in part by calibration differences. The SEC standard curve was calibrated using highly spherical protein standards with similar charge densities. CaBP1, however, may have an elongated or otherwise nonspherical shape with internal flexibility like that of calmodulin (48) . Therefore, the SLS analysis, employing a cylindrical shape model, may determine a more accurate protein mass in this case. Translational diffusion properties of CaBP1 measured by DLS provided an additional and independent measure of protein mass. The hydrodynamic radius (R H ) of CaBP1 measured by DLS was somewhat variable with a broad size distribution (Fig. 6) . The DLS size histograms showed polydispersities of 40, 20, and 25% for apo-, Mg 2ϩ -bound, and Ca 2ϩ -bound CaBP1, respectively, suggesting a heterogeneous population of protein species. The polydispersity suggests that CaBP1 may exhibit conformational heterogeneity or exist as an equilibrium mixture of monomer and dimer species. The SLS and DSC analyses stated above argue in favor of protein dimerization for the Mg -bound forms of CaBP1 increase as a function of protein concentration measured below by pulsed-field gradient diffusion NMR studies. In summary, the hydrodynamic properties measured independently by SEC, DLS, and NMR suggest that CaBP1 forms a dynamic and relatively low affinity protein dimer in solution.
Mg 2ϩ and Ca 2ϩ Stabilize Tertiary Structure of CaBP1-NMR spectroscopy was used to probe protein conformational changes in CaBP1 (Fig. 7) . The peaks in the 1 H-15 N HSQC NMR spectra represent main chain and side chain amide groups and provide a residue-specific fingerprint of the overall protein conformation. The two-dimensional 1 H-15 H HSQC spectrum of apoCaBP1 exhibited poorly resolved and overlapping peaks with narrow chemical shift dispersion in the amide proton dimension (Fig. 7, left panel) . The number of observed peaks was less than the expected number of amide groups (132 peaks versus 167 residues), and the intensities of many peaks were quite weak, perhaps due to exchange broadening caused by dimerization or conformational heterogeneity. The poor chemical shift dispersion suggests that apoCaBP1 adopts an unstructured moltenglobule state similar to that described for the apo states of many other Ca 2ϩ -binding proteins such as GCAP-2 (21), Frq1 (22), CIB (30), calexcitin (49), protein S (50), and DREAM (29) . However, circular dichroism analysis (data not shown) suggests that apoCaBP1 adopts a high degree of helical content, consistent with the formation of the four EF-hands, and that the helical content does not change much upon binding Mg 2ϩ and/or Ca 2ϩ . Together, our structural studies suggest that apoCaBP1 adopts a native secondary structure but is in a flexible molten-globule state.
The HSQC spectrum of CaBP1 changed dramatically upon the addition of saturating Mg 2ϩ (Fig. 7, middle panel) . Mg 2ϩ caused a greater number of peaks to appear (155 peaks versus 167 residues), and the NMR intensities were in general much more uniform than those of apoCaBP1. Mg 2ϩ binding to CaBP1 substantially improved the NMR chemical shift dispersion and markedly increased the number of observable long range nuclear Overhauser effects, demonstrating that Mg 2ϩ -bound CaBP1 adopts a stable tertiary structure. Two downfield-shifted peaks appeared (assigned as Gly-40 and Gly-117) that are characteristic of conserved glycine residues at the 6-position of divalent metal occupied EF-hands and suggest that Mg 2ϩ is bound at EF-1 and EF-3. The average peak width in the spectrum appears broader than expected for a monomeric protein, consistent with protein dimerization described above. Pulsed-field gradient diffusion NMR studies (51) determined a hydrodynamic radius of 2.7 nm (corresponding to a spherical molecular mass of 34 kDa) for Mg 2ϩ -bound CaBP1 at 500 M protein concentration, consistent with mostly dimer species present under conditions for NMR.
The HSQC spectrum of CaBP1 changed even further upon the addition of saturating Ca 2ϩ (Fig. 7, right panel) . Significant spectral changes induced by the addition of saturating Ca 2ϩ to the Mg 2ϩ -bound protein sample indicated that Ca 2ϩ -induced conformational changes are distinct and separate from the Mg 2ϩ -induced changes (Fig. 7 , middle and right panels). Three downfield-shifted peaks near 10.5 ppm are characteristic of conserved glycine residues at the 6-position of Ca 2ϩ -occupied EF-hands (Gly-40, Gly-117, and Gly-154), consistent with Ca 2ϩ bound at EF-1, EF-3, and EF-4. Additional unique peaks of Ca 2ϩ -bound CaBP1 (observed between 9 and 10 ppm) represent amino acid residues in EF-1, EF-3, and EF-4 altered structurally by Ca 2ϩ binding. The HSQC spectrum of Ca 2ϩ -saturated CaBP1 exhibited somewhat broadened peaks (like that of Mg 2ϩ -bound protein) with variable NMR intensities, consistent with protein dimerization. Pulsed-field gradient diffusion NMR studies determined a hydrodynamic radius of 2.8 nm, corresponding to a Ca 2ϩ -bound protein dimer. Amide NMR intensities of residues Ser-120 (EF-3) and Leu-150 (EF-4) are plotted as a function of Ca 2ϩ concentration (Fig. 8B ). These resonances (as well as others assigned to residues of EF-3 and EF-4 of Ca 2ϩ -bound CaBP1) increase monotonically in intensity as a function of Ca 2ϩ up to 2 eq. After adding 2 or more eq of Ca 2ϩ , no further intensity change was detected, suggesting that two Ca 2ϩ bind to CaBP1 in the presence of physiological levels of excess Mg 2ϩ (5 mM of excess Mg 2ϩ and that the N-terminal domain does not change structure upon Ca 2ϩ binding to EF-3 and EF-4. Downfield-shifted amide proton chemical shifts (ϳ10 -11 ppm) of conserved glycine residues at the 6-position of EF-hands generally are characteristic of divalent metal binding at these sites (Fig. 9) . Amide proton chemical shifts observed for Gly-40 (10.38 ppm) and Gly-117 (10.58 ppm) of Mg 2ϩ -bound CaBP1 (Fig. 7 , middle panel, and Fig. 9A ) indicate that Mg 2ϩ is bound at EF-1 and EF-3. The addition of 1 eq of Ca 2ϩ to the protein causes severe broadening of the downfield peak at 10.58 ppm (Gly-117), whereas the peak at 10.38 ppm (Gly-40) remains relatively unchanged (Fig. 9B ). Further addition of Ca 2ϩ causes a new downfield peak to appear at 10.41 ppm (assigned to Gly-117), indicative of Ca 2ϩ binding at EF-3 (Fig. 9C) . A shoulder peak at 10.45 ppm (assigned to Gly-154) is indicative of Ca 2ϩ binding at EF-4 ( Fig. 9, C-F) . The downfield peak at 10.38 ppm (Gly-40) persists although the Ca 2ϩ / Mg 2ϩ molar ratio is less than 1 (Fig. 9E) . At Ca 2ϩ /Mg 2ϩ ratios greater than or equal to 1, a new downfield peak appears at 10.18 ppm assigned to Gly-40 that represents Ca 2ϩ binding at EF-1 (Fig. 9, E-F) . The lack of a downfield-shifted amide proton resonance for Gly-76 (6-position of EF-2) suggests that neither Ca 2ϩ nor Mg 2ϩ binds to EF-2, consistent with our Ca 2ϩ binding analyses above (Figs. 2 and 3 (Fig. 10) . The intensity profile of the amide resonance representing Gly-40 of Mg 2ϩ -bound CaBP1 monitors Mg 2ϩ dissociation from EF-1 (black squares in Fig.  10A ), and the intensity profile of the peak at 10.18 ppm (representing Gly40 of Ca 2ϩ -bound CaBP1) monitors Ca 2ϩ binding to EF-1 (open circles in Fig. 10A ). The Mg 2ϩ dissociation and Ca 2ϩ association curves for EF-1 in Fig. 10A binds to EF-2. The lack of Ca 2ϩ binding to EF-2 is most likely the result of having Gly-75 at the 5-position of the EF-hand loop (Fig. 1) , which lacks an oxygen-containing side chain needed for chelating Ca 2ϩ . Glycine at this position is conserved in the other CaBP members, implying that EF-2 must be disabled in the other family members as well. Our NMR analysis reveals that Mg 2ϩ binding to CaBP1 induces a global conformational change throughout the protein, whereas Ca 2ϩ induces localized conformational changes in EF-3 and EF-4. Mg 2ϩ and Ca 2ϩ cause distinct conformational changes that dramatically increase fold- (52) , and CIB (30) contain Asp at the 12-position of particular EF-hands and also exhibit a similar loss of Ca 2ϩ selectivity. CaBP5 also contains Asp at the 12-position of EF-1, but curiously other CaBP members (e.g. CaBP2 and CaBP4) contain Glu (Fig. 1) .
Glutamate at the 12-position of the EF-hand binding loop promotes high affinity and selective Ca 2ϩ binding (28) . The long side chain of glutamate places the carboxylate group close to the bound metal, enabling it to serve as a bidentate ligand that forms two coordinate covalent bonds with Ca 2ϩ , as seen in crystal structures of many EF-hand proteins (18, 19, 53, 54) . The bidentate interaction is critical for forming a pentagonal bipyramidal ligand geometry around the bound Ca 2ϩ , in contrast to an octahedral ligand geometry favored by Mg 2ϩ . Hence, the bidentate interaction within the EF-hand has been postulated to be important for conferring Ca 2ϩ -binding specificity with high affinity (28, 55 (15) . This antagonism may be explained in part by structural differences between CaBP1 and CaM. In this study we demonstrate that CaBP1 forms a dimer in solution in contrast with the monomeric structure of calmodulin. The dimeric structure of CaBP1 unfolds in one cooperative step (Fig. 5) , suggesting that the two domains of CaBP1 may be structurally associated with each other, unlike the two noninteracting domains of CaM (45, 60) . Another structural difference is that CaM binds four Ca 2ϩ , whereas CaBP1 binds functionally to only two Ca 2ϩ at EF-3 and EF-4. CaM mutants that lack Ca 2ϩ binding to EF-1 and EF-2 have very different functional properties compared with wild type (61, 62) . Hence, the lack of Ca 2ϩ binding to EF-1 and EF-2 of CaBP1 may be responsible for conferring its functional differences with CaM. Finally, CaPB1 binds constitutively to Mg 2ϩ at EF-1 as described above, whereas CaM does not. Taken together, these structural differences may help to understand how CaBP1 and CaM differentially regulate Ca V 1.2 channels.
Implications for Target Recognition-Both Mg 2ϩ -bound and Ca 2ϩ -bound forms of CaBP1 were shown in this study to have stable tertiary structures, and both forms bind to Ca 2ϩ channels (11) (12) (13) (14) . We propose that constitutive Mg 2ϩ binding may be necessary for stabilizing the interaction of CaBP1 with protein targets in the absence of Ca 2ϩ . Mg 2ϩ also stabilizes the tertiary structure of other EF-hand proteins such as GCAP-2 (32), myosin light chain (28), CIB (30) , and DREAM (29) that similarly interact with protein or DNA targets in the absence of Ca 2ϩ . Ca 2ϩ -induced conformational changes in CaBP1 are localized to residues in the C-terminal domain (EF-3 and EF-4), implicating the C-terminal residues in making Ca 2ϩ -dependent contacts with the Ca 2ϩ channel. By contrast, the N-terminal domain of CaBP1 does not change structure in response to Ca 2ϩ binding, suggesting that N-terminal residues constitutively interact with the Ca 2ϩ channel. Such an interaction may help explain the observation that CaBP1 binds to InsP 3 R even in the absence of Ca 2ϩ (11, 12) . CaBP1 forms a protein dimer in solution that may be functionally important for channel regulation. We propose that a pair of CaBP1 dimers might come together at the cytosolic surface of the tetrameric InsP3R Ca 2ϩ channel to form a 4-fold symmetric complex. Such a cytosolic interaction would allow CaBP1 to function like an iris in front of the channel pore and thereby modulate the passage of Ca 2ϩ through the channel. Ca 2ϩ -induced conformational changes to CaBP1 might serve to constrict the "iris" and block the pore, which could explain the reduced Ca 2ϩ permeability of InsP 3 R at high cytosolic Ca 2ϩ levels (12) . In addition, CaBP1 may induce allosteric changes within the channel protein that would indirectly control channel activity. Indeed, CaBP1 has been shown recently to interact with the regulatory N-terminal domain of both InsP 3 R (12, 63) and L-type Ca 2ϩ channels (14) . In the future, we plan to determine at atomic resolution the Ca 2ϩ -induced structural changes of CaBP1 and its interaction with target proteins in order to describe more thoroughly how CaBP1 modulates the activity of Ca 2ϩ channels.
